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Metal etching is an essential processing step in the definition of interconnects for integrated circuits. It is typically performed in high-density plasmas, where control of ion energy permits directional pattern transfer of a photoresist mask into the metal layer with sufficient selectivity to preserve linewidth. As critical dimensions shrink and aspect ratios increase, charging damage to buried thin gate oxides connected to the metal lines has been found to occur more frequently. 1 The damage arises from two main sources: plasma nonuniformity 2 and electron shading; 1 it manifests itself as degradation or breakdown of the gate oxide due to tunneling currents flowing in response to potential differences across the oxide. As plasmas have become more uniform, electron shading has emerged as the major cause of charging damage. 3 Electron shading describes the imbalance of ion and electron currents to the bottom of narrow trenches due to differences in their angular distributions. 4 Although the physics of charging damage due to electron shading has been proposed, 5, 6 the influence of critical plasma parameters is not understood.
Charging damage in patterned structures exposed to a uniform plasma may occur by means of ͑a͒ tunneling current surges at the onset of overetching, 6 and ͑b͒ steady-state tunneling currents during overetching. 5, 6 Overetching is needed due to reactive ion etching lag ͑RIE-lag͒, a phenomenon that describes a decrease in etch rate with aspect ratio of the pattern. 7 Overetching begins when open areas between patterns clear and ends when the narrow trenches between lines are also thoroughly etched. During the early stages of overetching, the lines are connected through the remaining metal at the trench bottoms forming an antenna, as illustrated in Fig. 1 . Large tunneling currents are possible during this ''latent antenna overetching'' period as the imbalance of ion and electron currents to each trench bottom is amplified by the antenna collection area. When the trench bottoms begin to clear, the antenna effect stops and the tunneling current is considerably reduced. In this letter, we focus on charging damage during latent antenna overetching; a treatment of the current surges is postponed until they are observed experimentally.
High-density plasmas operate generally at higher electron temperature (T e ) than more traditional low-density glow discharges; their use in polysilicon and metal etching has coincided with frequent observation of charging damage. 1 The ion temperature (T i ) is also higher in such plasmas, but its role in charging damage has not been reported. In this numerical study, we vary T e between 2-8 V and T i between 0.1-0.5 V ͑typical ranges͒; since we aim at revealing trends, we shall not worry about what combinations of T e and T i are possible for a particular plasma. We model a fully dissociated, low-pressure (Ͻ5 mTorr) Cl 2 plasma of electron density 1ϫ10 12 cm
Ϫ3
. The wafer electrode is radio-frequency ͑rf͒ biased at 0. The metal lines are connected by a thin metal layer remaining in the trenches as a result of RIE lag. The center line sits on top of a metallic conduit to a small gate, separated from the grounded substrate by 4-nm-thick gate oxide ͑Fig. 1͒. The antenna ratio, defined here as the area ratio of one trench footprint (A t ϭwidthϫlength) over that of the gate oxide (A o ), is taken to be 1000:1.
The Monte Carlo simulation of microstructure charging is performed as described elsewhere, 8 explicitly and selfconsistently accounting for charge dissipation along dielectric surfaces 9 APPLIED PHYSICS LETTERS VOLUME 74, NUMBER 7 15 FEBRUARY 1999 gate oxides. 4 Surface currents are assumed to flow readily when the surface electric field on photoresist or exposed oxide exceeds 1 MV/cm. 9 Although the magnitude of the tunneling current is treated as a measure of charging damage, the effects of oxide degradation are not considered.
The dependence of the steady-state tunneling current, J tn , through the 4 nm gate oxide on the electron and ion temperatures is summarized in Fig. 2 . Table I also lists representative potential and current values at various locations, as defined in Fig. 1 . J tn is the sum of the Fowler-Nordheim and direct tunneling currents, which are calculated from formulas given elsewhere; 4 at steady state, J tn can be also approximated by
where N is the number of trenches in the antenna, A s is the area of the outer antenna sidewall, J i and J e are the ion and electron current densities at a trench bottom, and J is and J es are the ion and electron current densities at the outer antenna sidewall. As expected, J tn depends strongly on T e . The current increases by a factor of 18.5 when raising T e from 2 to 8 V ͑for T i ϭ0.1 V constant͒. The increase can be even larger, e.g., a factor of 100 for the same rise of T e but at a higher T i ϭ0.5 V ͑see Table I͒ . This dependence confirms again the crucial role of electron shading on charging damage. While small currents at low T e may be tolerated, the exponential increase in current accompanying plasma operation at higher T e is bound to lead to damage. Although not as strong, the dependence of J tn on T i is remarkable. The tunneling current actually decreases roughly by 30%-90% (T e dependent͒ upon increasing T i from 0.1 to 0.5 V. This beneficial effect of ion temperature on charging damage has not been discussed before.
To better understand the influence of T e and T i on tunneling current, it is instructive to plot the potential contour maps for various parameter combinations. In Figs. 3͑a͒ and  3͑b͒ , we compare a case of ''severe'' electron shading (T e ϭ8 V) to one of ''mild'' electron shading (T e ϭ2 V), both at a low T i ϭ0.1 V. As a consequence of the more energetic electrons at higher T e , significant negative charging appears at the upper photoresist sidewalls of the former case. One might expect a decrease in the electron current to the trench bottom as a result of the more negative entrance potential. 10 However, Table I indicates the opposite: J e increases from 1.39 to 3.42 mA/cm 2 upon raising T e from 2 to 8 V, respectively. The proportionality of the plasma conduction current to the Bohm velocity (ϰͱT e ) could account for at most a factor of 2 increase if charging of the sidewalls were absent. The factor of 2.5 increase observed is attributed to the larger population of higher energy electrons at T e ϭ8 V, which can penetrate the more negative entrance potential. Once in the   FIG. 2 . The steady-state tunneling current through the gate oxide as a function of the electron (T e ) and ion (T i ) temperatures. TABLE I. Calculated ion and electron currents supplied to the residual metal at the bottom of each trench (J i , J e ) and to each outer antenna sidewall (J is , J es ) for various combinations of ion (T i ) and electron (T e ) temperatures; the steady-state antenna potential (V p ) and the corresponding tunneling current (J tn ) through a 4 nm gate oxide ͑antenna ratioϭ1000) are also listed. trench, such electrons are more readily directed to the bottom by the larger electric field between trench entrance and conductive bottom. Remarkably, the ion current to the trench bottom increases much more: from 3.96 to 22.1 mA/cm 2 ͑a factor of 5.6!͒ for the same rise in T e . The magnitude of the increase cannot be explained by the change in plasma conduction current. What is missing?
T e ͑V͒

T i ͑V͒
Raising the electron temperature increases the minimum sheath potential, V dc from 4 to 21.5 V which, in turn, shifts both the low and high energy peaks of the bimodal ion energy distribution to higher energies, as predicted from a selfconsistent treatment of the sheath 11 and illustrated in Fig. 4 . Since T i remains constant, more energetic ions cause a decrease in ion shading; as a result, fewer ions are lost to the sidewalls by direct irradiation. Since the antenna potential increases by a mere 1 V ͑see Table I͒ , fewer ions are deflected away from the bottom. For these two reasons, many more ions make it to the trench bottom at the higher T e , thereby contributing to the net tunneling current through the buried gate oxide. It is interesting to note that the worsening in differential charging at higher T e does not really play much of a role: there are just more directional ions arriving at the patterned surface at higher energy. The changes in J i and J e , when amplified by the antenna collection area ͓N(A t /A o )͔, account for a larger increase in J tn than listed in Table I ; here is where the antenna perimeter plays a role.
The imbalance of ion and electron currents to the outer conductive sidewalls can be positive or negative, depending on the values of T e and T i . As inferred from Table I , a net negative current enters the antenna through the outer sidewalls at T e ϭ2 V; the net current becomes slightly positive at T e ϭ8 V (T i ϭ0.1 V constant͒ as a result of the large increase in J is which far exceeds the increase in J es due to the dependence of the plasma conduction current on T e . This result is surprising considering that the ions become more directional at T e ϭ8 V. Its origin lies in the significant negative charging at the upper mask sidewall facing the open area ͓Fig. 3͑a͔͒.
The negative potential is large enough to deflect slower ions that travel in the vicinity of the mask toward the antenna.
The ion temperature effect can be explained by the broadening of the ion angular distribution which ͑a͒ reduces the ion flux to the trench bottom ͑ion shading͒, and ͑b͒ increases ion bombardment of the upper mask sidewalls, thus reducing the negative potential at the trench entrance ͓Fig. 3͑c͔͒. Indeed, this is most easily observed at the outer antenna sidewalls where the ion flux increases from 0.17 to 4.27 mA/cm 2 when T i is changed from 0.1 to 0.5 V, respectively (T e ϭ2 V constant͒, although the negative potential at the upper mask sidewalls actually decreases. Furthermore, J i decreases from 3.96 to 3.31 mA/cm 2 for the same change. Remarkably, J e increases slightly from 1.39 to 1.82 mA/cm 2 , indicating that more electrons penetrate the reduced entrance potential. The net result of the T i increase is a dramatic decrease in J tn from 4.0 to 0.5 A/cm 2 . The trend also holds for larger values of T e ͑Fig. 2͒.
In conclusion, self-consistent charging simulations provide insight into the current balances that influence charging damage during residual metal overetching. The steady-state tunneling current to a buried gate oxide was found to depend strongly on electron temperature, not because of more severe differential charging of the pattern but rather as a result of the influence of the electron temperature on the ion energy distribution function and on the plasma conduction current. Increasing ion temperature decreased the tunneling current in all cases suggesting a reduction in charging damage. The net current collected by the antenna under all conditions was proportional to the total area between the antenna fingers. The antenna perimeter was found to play a more complex role whose significance depended on both electron and ion temperatures. The simulation results suggest that operation at low electron and high ion temperatures, e.g., by running the plasma at higher pressure, should be preferred for a reduction in charging damage during overetching. , rf biasϭ60 V ͑peak-to-peak͒ applied at 0.4 MHz.
